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Abstract

The long-lifetime fatigue regime is suggested to be a probabilistic realization of sequentially
occurring mechanisms. We associate these mechanisms with the development of a ranking of
heterogeneity scales in the material, with decreasing probability of occurrence in the order of
increasing scale, at any given loading condition. The underlying drivers for these heterogeneity
levels are an array of randomly occurring microstructural configurations. With respect to the
ot titanium alloy, Ti-6Al-2Sn-4Zr-6Mo (Ti-6-2-4-6), we identify four microstructural
configurations producing different degrees of heterogeneous behavior. At lower stress levels,
these configurations present probabilities of failure by a crack-growth-controlled, life-limiting
mechanism, and a group of long-lifetime mechanisms. This description of the long-lifetime
regime seems to explain the increased incidence of subsurface failures with decreasing stress
level, as well as the microstructural neighborhoods involving crack initiation in short and long-
lifetime mechanisms and those related to surface and subsurface failures.

Introduction

Characterization and understanding of the fatigue behavior in the long-lifetime regime is
essential to meet the demand for increased durability of gas turbine engine components [1], as
well as, realizing safe operation in the ultra-long cycle regime in many current and emerging
applications [2, 3]. In particular, there is a need for a quantitative physics-based analysis of long-
lifetime fatigue [4] in order to remove empiricism from life-prediction and management
approaches in fracture critical applications [4, 5].

There has been an increased interest in the very high cycle fatigue (VHCF) regime in the recent
years [6, 7]. The capability to conduct fatigue tests by ultrasonic excitations has enabled
significantly faster experimentation and characterization of behavior beyond 10’ cycles [6-9]. It
is widely accepted that the conventional fatigue limit does not extend to longer lifetimes [10-12].
Often, depending on the material, the long-lifetime regime is accompanied by a step in the stress
vs. lifetime (S-N) behavior, which is attributed to a switch in the crack initiation mechanism at
lower stress levels [10-12]. In most cases, this change in mechanism has been reported to be
associated with a shift from surface to subsurface crack initiation [12-14]. In particular,
subsurface crack initiation has been related to non-metallic particles in many studies [10, 12, 13].
This behavior has been explained through existence of multiple thresholds corresponding to
initiation of fatigue by each mechanism [11].



The above descriptions of fatigue in the long-lifetime regime seem to relate to the average
behavior. Therefore, the understanding of the effect of microstructure and loading variables on
fatigue lifetime in this regime has been largely deterministic. A probabilistic description of the
long-lifetime behavior appears attractive, given the variable nature of fatigue, but perhaps more
so, from a life-prediction perspective. This is owing to an increasing need in the aircraft industry
for move towards probabilistic life-prediction, especially, physics-based methodologies [5]. This
will remove the large degree of uncertainty in life prediction that might occur in traditional,
uncertainty-factor-based design approaches [14]. A probabilistic understanding of fatigue
behavior in the long-lifetime regime may therefore, naturally lend itself to emerging life-
prediction and life-management practices [5].

Towards a probabilistic description, the competition between mechanisms, in which the final
failure in any given loading regime is suggested to occur by the mechanism that produces the
shortest lifetime, has been recognized in several studies [11, 12]. Its effect on producing
separation of life-limiting and the mean-dominating behavior in the fatigue variability response
[15-17] and causing dual S-N curves [18] has been reported recently. Besides the relatively
known population of grains and microstructural features, random microstructural neighborhoods
and their interaction with the fatigue variability response are relatively unexplored.

Here, we discuss a probabilistic approach to describing the long-lifetime fatigue behavior, and
the effect of microstructure and loading variables on the long-lifetime regime of the a+f3
titanium alloy Ti-6-2-4-6. By long-lifetime we mean lifetimes in the range of 10° to 10’ cycles
which are not in the very high cycle fatigue (VHCF) regime in the strictest sense, but the same
concepts are applicable beyond 107 cycles. We show that the long-lifetime fatigue is a result of
fatigue variability behavior arising due to sequential probability of occurrence of mechanisms, in
order of decreasing level of underlying heterogeneous deformation. Our emphasis has been on
identifying the randomly occurring microstructural configurations associated with the
heterogeneous response and their relationship to fatigue variability behavior at lower stress
levels.

Materials and Experimental Procedure

The materials in this study were two similar microstructures of the o+ titanium alloy, Ti-6-2-4-
6. These are shown in Fig. 1 (a) and (b) respectively. We designate these as microstructures A
and B, as indicated. The microstructures differed slightly in terms of the primary-o structure, in
that there was a small increase in the volume fraction of equiaxed-a in microstructure B, along
with occasional clusters of a few equiaxed-a grains. The lath-a. size in microstructure B was
much smaller than in microstructure A, as evident from Fig. 1. In terms of texture, reported in
[17], the differences between the two microstructures were more apparent. Particularly, there
was greater tendency for the basal and the prismatic poles to be parallel to the loading axis in
microstructure B [17].

Some of the experimental procedures in this study have been reported in [15, 17]. The crack
initiation facet angles, with respect to the loading axis, were measured using the MeX™ (a
trademark of Alicona Imaging GmbH) 3D image analysis program. Stereo-image pairs at relative
tilt of 7° were recorded for this purpose using a Lecia S360FE Scanning Electron Microscope.
The crack initiation neighborhoods in selected samples were analyzed by sectioning the crack-
initiation region using focused ion beam (FIB) machining. A FEI-NOVA™ dual beam FIB
system was used for this purpose. A Ga ion beam was employed at the accelerating voltage of 30
kV and the current of 9.3 nA. The FIB sections were made either parallel or perpendicular to the
fracture surface. The sectioning step-size was such as to preserve part of the crack initiating
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grain. The sectioned planes were then characterized by Electron Back Scattered Diffraction
(EBSD) to determine the orientation of the crack initiating grain and the surrounding
neighborhood. The inverse pole figure (IPF) plots and maps were constructed using the TSL™
analysis software.

20pm 20pm
Figure 1. Back-scattered electron (BSE) Filmages of (a) microstructure A and (b)pmicrostructure B

of Ti-6-2-4-6.
Probabilistic Description of the Long-Lifetime Regime

The observed long-lifetime fatigue response, producing two-stage S-N curves [11, 12] or failures
(in the 10" — 10° cycles range) by appearance of a different mechanism such as subsurface-
inclusion based crack-initiation [7, 10], can be suggested to be a special case of a more general
fatigue variability behavior. In particular, we propose that nominally elastic loading produces a
ranking of heterogeneity levels in a material, even under the same loading condition. By
heterogeneity levels we imply the scale or intensity of localized plastic deformation as caused by
randomly existing microstructural neighborhoods. Borrowing the concepts from statistical-
physics [19], higher the level of heterogeneity, the smaller is the probability of its occurrence in a
sample. It also follows that, for a given crack initiation location (surface or subsurface), the
higher the rank of the heterogeneity associated with a mechanism, the shorter is the lifetime.

The above description supposes that deformation can be concentrated in several random
microstructural configurations. In a later section, we identify these configurations in Ti-6-2-4-6.
The incidence of a given lifetime-range, therefore, may be less dependent on reaching the
threshold for a damage accumulation method [11], but controlled by the probability of a
microstructural configuration that would produce the necessary heterogeneity level for crack
initiation and early propagation. This suggests that, the behavior in the long-lifetime regime
corresponds to probabilistic realizations of sequential failure mechanisms, signifying the
possibility of both short and long-lifetimes for given microstructure and loading variables.

Long-Lifetime Regime in Ti-6-2-4-6

The fatigue variability behaviors of microstructures A and B of Ti-6-2-4-6 at room temperature
are presented in Fig. 2 (a). The deterministic crack growth lifetime limits are superimposed in the
figure. The calculations of crack growth bounds were based on the limiting small crack growth
curves, shown in Fig. 2(b), and the range in the observed crack initiation sizes [20]. As illustrated
in the figure, power-law fits to the small crack data representing the fastest and the slowest crack
growth rates were taken as the limiting curves. The crack initiation sizes were measured from the
fracture surface and corresponded to the crack initiation facet present at the origin of the crack
[20]. The crack growth behaviors of the two microstructures were similar. Therefore, the
calculated lifetime bounds can be considered applicable to both cases.

Figure 2 indicates that, in both microstructures, the mean-lifetime behavior (designated as Type
Il in the figure) diverged from the crack-growth-controlled life-limiting behavior (designated as
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Type 1) as the stress level was decreased. In [15-17] we describe this behavior by a bimodal
probability density. This separation produced up to 500X variability in lifetime at the same stress
level. The long-lifetime fatigue regime could, therefore, be a manifestation of decreased
probability of occurrence of a microstructural configuration in the specimen surface to enable a
purely crack-growth-controlled mechanism. Other mechanisms in the sequence can emerge with
varying probabilities, producing much longer lifetimes. However, the latter mechanisms need not
be related only to subsurface crack initiation, as evident in Fig. 2(a). According to the suggested
probabilistic description, these longer-lifetime mechanisms might be, related to either a smaller
heterogeneity scale (therefore, more frequently distributed) at the surface or a larger
heterogeneity level (therefore, unlikely to occur at the surface) occurring in the subsurface.

It is also to be noted that the transition from surface to subsurface failure is not abrupt but
gradual, with increasing probability of subsurface mechanism occurring with decreasing stress.
Szczepanski, et al. [21] show that this trend continues into the 10" — 10° cycles regime.
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Figure 2. Divergence of the mean-dominating mechanisms from the crack-growth-controlled
life-limiting behavior in Ti-6-2-4-6; (a) fatigue variability behavior of microstructures A and B
and (b) The small crack growth rate limits used in the calculation.

Different Heterogeneity Scales

Here we attempt to reveal the possible heterogeneous configurations underlying the life-limiting
and the long-lifetime (or the mean-dominating) mechanisms. At moderate temperatures, slip in
the o phase is considered as the primary deformation mode in o+f3 titanium alloys [22, 23]. The
soft deformation modes are known to be slip in a prismatic <a> system, followed by the basal
<a> slip [22]. The deformation in the c-direction of the HCP crystal is accounted by <c+a> slip,
which is a significantly harder slip mode [23, 24] when compared to the <a> modes. Although
the slip mechanisms in the lamellar o/f3 colonies are not fully understood, deformation is thought
to be accomplished by either prismatic slip parallel to the o/f3 interface or basal slip across the
interface [22, 24]. The later is made possible by the Burger’s orientation relationship in the

lamellar region: (0001), // {110} and <1120 >, // <111>p.

Heterogeneity Neighborhoods Associated with Surface Crack Initiation

Typical surface crack initiation regions in Type | (life-limiting) and Type Il (mean-lifetime
dominating) mechanisms at 860 MPa are shown in Fig. 3(a) and (b) respectively. The crack
initiated across an equiaxed-a. grain, producing a facet at the crack origin in both mechanisms, as
shown. In some cases (especially in Type Il failures) more than one facet was seen. Clearly, any
differences between the underlying microstructural configurations in the two cases cannot be
conclusively ascertained from the fracture surfaces.



A comparison of the surface crack initiation size distribution and the nominal equiaxed-o size
distribution revealed that the crack initiation sizes were displaced slightly to the right of the
nominal distribution of the equiaxed o [20]. However, the critical facet size was not in the
extreme right tail, especially considering that the measured facet area usually represents the
largest plane across the grain as opposed to random sections in a nominal measurement [25].
Also, there was no clear trend in the crack initiation size with respect to the lifetime [20]. These
results seem to reinforce the important roles of the orientation of the crack initiating grain
(besides the size) and the local neighborhood in crack initiation.

6 um

Figure 3. Typical crack initiation morphology in (a) a Type | mechanism tested at 860 MPa that
failed in 72,977 cycles and (b) a Type Il mechanism tested at 860 MPa and having the lifetime of
2,755,245 cycles.

In Fig. 4, the angle of the crack initiation facet normal with the loading axis (indicated as 0 in the
figure) is plotted with respect to lifetime for the two microstructures of Ti-6-2-4-6. The data
points correspond to the applied stress levels of 860 and 820 MPa. As shown, irrespective of
lifetime, surface crack initiation facets in microstructure A were at an angle of about 35 - 45°
from the loading axis. The spread in the angles was slightly larger in microstructure B. Figure 4
indicates that, in both Type | and Type Il surface crack initiation, these facets were oriented for
close to maximum shear, i.e., slip deformation.
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Figure 4. Crack initiation facet angle with respect to the loading axis.

Examples of FIB sections of the crack initiation region in a Type | and a Type Il mechanism are
shown in Figs. 5 and 6 respectively. The crack origin in a sample tested at 860 MPa that failed in
61,162 cycles (Type 1) is shown in Fig. 5(a). The crack initiation facet is indicated in the figure.
The facet angle with respect to the loading axis was 35.02°. In this case, the FIB surface was
parallel to the fracture surface. The Inverse Pole Figure (IPF) map (in the loading direction) from
the FIB sectioned plane is shown in Fig. 5(b). The crack initiating equiaxed-o grain is identified
in the figures. The IPF map indicates that the crack initiating grain had a close to basal
orientation with respect to the loading axis. This would mean that, in Type | failures, the crack
initiation facet may be formed by a <c+a> hard slip mechanism.
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ooot 2770

10 um m
Figure 5. FIB sectioning and OIM analysis of crack initiation region in a Type | failure; (a) the

crack initiation region and (b) IPF map, in the loading direction, of the FIB plane (machined
parallel to the fracture surface).

The crack initiation region in a Type Il failure at 860 MPa is shown in Fig. 6(a). The lifetime in
this case was 1,996,709 cycles. The crack initiation facet is indicated. The facet angle with
respect to the loading axis was 42.33°. In this sample, the FIB section was made perpendicular to
the fracture surface, at about 2 um from the sample edge, as indicated by the dashed line. Only a
part of the crack initiating o grain was sectioned through, as illustrated. The partially sectioned
crack initiating o grain is indicated by the arrow. The IPF map, in the direction of the loading
axis, is shown in Fig. 6(b). Clearly, in this case, the crack initiating o grain does not have a basal

11,00 pm = 100 steps  IPF [100]

Figure 6. Analysis ot the crack Iniuation Fé'é"ion in a Type Il failure; (a) fracture surface showing
the crack initiation region, (b) IPF map of the FIB plane in the loading direction.

The orientation of crack initiating o grain in three Type I, and a Type |l failure, measured by the
procedure described above, are plotted in stereographic triangles in Fig. 7. The Schmid Factor
(SF) contour lines [24] are superimposed in these figures. The SF contours for prismatic <a>,
basal <a>, 1 order pyramidal <c+a>, and 2™ order pyramidal <c+a> are shown in Figs. 7 (a),
(b), (c), and (d) respectively. Firstly, as expected from the IPF maps, the Type | points (indicated
by the circular symbol) plot close to the basal pole. Furthermore, Figs. 7(a) and (b) indicate that
the crack initiating a-grains, in the Type | mechanism, were not in the high SF regions for either
prismatic <a> or basal <a> slip. On the other hand, Figs. 7(c) and (d) indicate that these points
were very close to maximum SF for either 1 order or 2" order pyramidal <c+a> slip (both being
significantly harder slip modes compared to the prismatic <a> and the basal <a> slip). The crack
initiating grain in the Type Il mechanism (indicated by the square symbol in Fig. 7) was oriented
close to maximum SF for the soft, basal <a>, slip (Fig. 7(b)).

From the argument of different heterogeneity levels, it is known that an o grain oriented for hard
slip, surrounded by soft grains or colonies presents a location of significant stress concentration
[22, 23]. This kind of microstructural configuration can be considered to be a higher ranked
heterogeneity scale than a favorably oriented primary-a, as in the Type 1l mechanism.
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Figure 7. Deformation mechanisms of crack initiating primary-o grain in Type | and Type Il
mechanisms with the help of SF contour maps for (a) prismatic <a> slip, (b) basal <a> slip, (c)

1% order pyramidal <c+a> slip, and (d) 2™ order pyramidal <c+a> slip.

The poles representing the o lath (in lamellar colonies) and the primary-a grains, neighboring
the crack initiating o grain in the two mechanisms, were also plotted in stereographic triangles.
The purpose was to determine the possible deformation characteristics of the neighborhood in
relation to the crack initiating grain that would highlight further differences between the two
mechanisms. This is shown in Figs. 8 and 9 for Type | and Type Il mechanisms respectively. The
contour lines representing SF for prism <a> and basal <a> slip are superimposed in Fig. 8 (a) and
(b) respectively. In Fig 8, neighboring grains from the three Type | samples, as in Fig. 6, are
plotted. The lath-a is represented by the circular symbol and the equiaxed-o grain is shown by
the square symbol. In the Type | mechanism (Fig. 8), almost all neighboring grains from the
three samples were away from the hard <c+a> slip mode (i.e., away from the basal orientation).
It is also striking that none of the neighboring poles, in the Type | mechanism, plot near the

(2110) plane (Fig. 8).

As stated before, slip in lamellar colonies is said to occur by prismatic <a> mode (in a-lath)
along the interface, or basal <a> slip across the colony due to alignment of (0001)., and (110)g
slip planes per the Burger’s relationship [22]. Accordingly, only one out of the three possible
prismatic <a> slip systems can be active in the lamellar phase [22]. Therefore, high SF for
prismatic <a> slip is a necessary but not the sufficient condition for slip. However, all of the
three basal <a> systems can be active, provided the a-lath is oriented for the basal slip [22].
Figure 8(b) indicates that a majority of the neighboring lath-a, in the Type | mechanism, plot
between SF of about 0.35 and 0.5 for basal <a> slip, implying that these neighboring colonies
were oriented for easy deformation mode. The remainder of o laths (total of 7) shows high
(between about 0.4 and 0.5) SF for prismatic <a> slip, as indicated by Fig. 8(a). However, in
order to confirm that these neighboring colonies were “soft”, it needs to be ascertained if the
prismatic planes in these laths are parallel to the o/} interface. Figures 8 (a) and (b) also indicate
that most of the neighboring primary-o (square symbols) grains, in the Type | mechanism, were
oriented for either prismatic <a> or basal <a> slip. Although it remains to be verified if the
prismatic <a> systems in laths with high SF for that slip are parallel to the o/ interface, it
appears that the microstructural neighborhood in Type I mechanism consists of a hard primary-a
7



grain surrounded by soft lamellar colonies and primary-a. This is also consistent with
suggestions in other studies [22, 23] that this kind of configuration presents enhanced stress
concentration at the basal-oriented primary-o. due to strain incompatibility with the easily
deforming neighborhood. Crack initiation in the Type | mechanism can be suggested to occur by
cracking across a pyramidal plane in a close to basal-oriented primary-a that is surrounded by
“easy-slip” colonies and equiaxed-a grains.

(a) 1010 (b) 1010
® | ath-o
B Equiaxedo
]
® i me P
0001 1 ( -

0601 045 040 0320 0z0 0410

2110
Figure 8. Possible slip behavior of lath and equiaxed o neighboring the crack initiating grain in
Type | failures; (a) prismatic <a> contour map and (b) basal <a> contour map.

The poles of lath-o and primary-o neighboring the crack initiating grain in the Type 1l
mechanism are plotted in Fig. 9. The closed circles represent the lath-o. and the closed squares
indicate the equiaxed-a grains. In this case, again, almost all neighboring a laths and grains are
away from the hard, basal orientation. There is an equal mix of lath-a with high SF for basal <a>
and those with high SF for prismatic <a> slip. We haven’t determined if the ones oriented for
prismatic <a> slip satisfy the condition for easy deformation of the colony. It is, therefore, hard
to draw conclusions towards the extent to which these neighboring colonies and grains played a
role in crack initiation in the Type Il mechanism. It seems clear, however, that in the Type Il
surface initiated failures, crack initiated by slip accumulation in a (or a few) favorably oriented
(for basal <a> slip) o grain(s). This is similar to the conventional slip band cracking mechanism
that is associated with the creation of surface steps [11].
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Figure 9. Possible slip mechanisms of lath and equiaxed-a. neighboring the crack initiating grain
in a Type Il failure; (a) prismatic <a> SF contours and (b) basal <a> SF contours.

Heterogeneity Scales Associated with Subsurface Crack Initiation

As shown in Fig. 2(a), in addition to surface crack initiation, the mean-dominating (Type I1)
distribution also comprised of the subsurface initiated mechanism. Two different kinds of
subsurface crack initiation characteristics were observed. Examples of these are presented in
Figs. 10 and 11. In the first (Fig. 10(a)), the crack initiation facet appeared to correspond to a
cluster of equiaxed a and lamellar o/p colonies producing a continuous, relatively large crack
initiation facet. The angle of this facet with respect to the loading axis was measured at multiple
locations (labeled in Fig. 10(a)). The measurements are shown in Fig. 10(b) and indicate that the
angles were very similar at each of the locations, confirming that the crack initiation facet is
continuous. The average angle with respect to the loading axis was about 44° suggesting that the
facet was formed due to continuous slip in a microstructural cluster that included equiaxed-o and
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lamellar colonies. We have not yet analyzed the crystallographic direction of the facet
constituents with respect to the loading axis. However, it can be suggested that the slip planes of
the constituent phases in the facet were aligned.

(b)

o

123456 7 8 910111213141516171819
Facet #

20pm
Figure 10. Subsurtace crack Initiation b)'; a cluster producing continuous facet plane (omax = 820
MPa, N¢ = 3,088,204); (a) the crack origin and (b) facet angles at the locations labeled in (a).

The second subsurface crack initiation characteristic observed in Ti-6-2-4-6 is shown in Fig.
11(a). In this case, we observe a cluster of equiaxed-a grain facets, over a relatively large region,
at the crack origin. Szczepanski, et al [22] have also identified this as the predominant subsurface
crack initiation mechanism at ultrasonic loading frequencies. The angles of these facets, with
respect to the loading axis, are shown in Fig. 11(b). Once again, all facets belonging to the
cluster were oriented similarly and the angles were in the range of about 31-53°, i.e., close to
maximum shear. Szczepanski and coworkers [22] have determined that most of the facet-
forming equiaxed-o. grains were close to basal <a> slip orientation. The lifetimes in this
subsurface crack initiation configuration were generally longer than the one shown in Fig. 10.
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Figure 11. Subsurface crack initiation by a primary-a cluster (omax = 820 MPa, N¢ = 4,487,636);
(@) the crack origin and (b) facet angles.
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Ranking of Heterogeneity Scales

Based on the above discussion, in Ti-6-2-4-6, at least 4 heterogeneity levels can be identified.
The underlying microstructural configurations are schematically illustrated in Fig. 12. In the
order of decreasing intensity of deformation accumulation, these are: (i) Cluster of equiaxed-a
and lamellar o/p colonies with aligned slip planes and oriented for close to maximum shear, (ii)
Cluster of equiaxed-a grains, each similarly oriented for basal <a> slip, (iii) A hard equiaxed-a.
(oriented for pyramidal <c+a> slip) surrounded by soft lamellar colonies and primary-a., and (iv)
A (or a few) favorably oriented (for basal <a>) equiaxed-o grain(s). It follows from our earlier
argument that, the probability of occurrence of these configurations will decrease in the order of
increasing scale of heterogeneity.



Recognizing the difference between the free surface and the subsurface location with respect to
fatigue, the four heterogeneous configurations in Fig. 12 can be arranged into at least 8 possible
failure mechanisms. However, due to decreasing probability of occurrence with increasing
heterogeneity level, it seems that only 4 mechanisms (2 surface-initiated and 2 subsurface) were
observed in the given number of tests. The ranking of heterogeneity levels and the associated
probabilities seems to explain the observation that the two surface-initiated mechanisms
corresponded to two relatively smaller scale configurations (Fig. 12).

@ (b) () (d)
Equiaxed-o. oriented
Q G for hard, <c+a> slip
\ D Equiaxed-a. in easy,
N Easy-slip basal <a> slip mode
Cluster of similarly (basal <a> region
Cluster of easy-slip-oriented slip) oriented equiaxed-o

equiaxed-a. and lamellar colonies

with aligned slip planes
Figure 12. Illlustration of randomly occurring microstructural configurations in Ti-6-2-4-6
producing a ranking of heterogeneity scales.

The ranking of heterogeneity scales and their interaction with surface and the subsurface location
can be suggested to produce the following sequence of mechanisms in this study: (i) surface
initiated failure from a hard primary-o (Fig. 12(c)), (ii) surface crack initiation in a (or a few)
favorably oriented primary-a (Fig. 12(d)), (iii) subsurface crack initiation from a cluster of
equiaxed-o. and lamellar colonies (Fig. 12(a)), and (iv) subsurface crack initiation from an
equiaxed-a cluster (Fig. 12(d)). It is to be noted that, the probabilities of occurrence of any given
level of heterogeneous deformation will decrease with decreasing stress level, implying a
continued shift towards failures by higher ranked random microstructural configurations. This
may explain the increased incidence of subsurface initiated failures with decreasing stress level.
However, the occurrence of the surface initiated mechanism in the very long-lifetime regimes
cannot be ruled out. In those regimes, surface failures can be realized by higher ranked
heterogeneity scales, for example, by a cluster of similarly oriented primary-a. Although the
probability of occurrence of such mechanism at the surface will decrease for a larger scale of
associated microstructural configuration, this ought to be accounted for from a life-prediction
perspective. The probabilistic description of the long-lifetime regime discussed here also
explains the observations that the long-lifetimes occur either by surface failures from a small
heterogeneity scale (as in a favorably oriented primary-a.) or by subsurface failures from a large
heterogeneity scale (as in clusters with aligned slip planes). Finally, it can be emphasized that the
present probabilistic description of long-lifetime regime provides a physical-basis for fatigue
variability by accounting for randomly occurring microstructural scales. As such, it may be very
advantageous in reducing the uncertainty in lifetime prediction [16, 17].

Conclusions

The following primary conclusions can be drawn from this study:

(i)  The long-lifetime regime in Ti-6-2-4-6 could be described as a probabilistic realization of
surface-crack-growth controlled mechanism or mean-lifetime dominating mechanisms.

(i) Four randomly occurring microstructural configurations were identified, which were
related to different heterogeneity scales at the same loading condition.
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(i) The surface short-lifetime mechanism occurred by cracking along, or near, pyramidal
planes in an equiaxed-a oriented for hard, <c+a> slip.

(iv) The surface long-lifetime mechanism occurred by slip in a favorably oriented (for basal
<a> slip) primary-o grain.

(v) The subsurface long-lifetime mechanisms occurred in the region of larger microstructural
configurations than the surface failures.

(vi) The probabilistic description of the long-lifetime regime appeared to explain the increasing
incidence of subsurface mechanism with decreasing stress level, as well as the
heterogeneity scales associated with surface and subsurface failures.
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